The promoter region of the Arabidopsis AtHsp90-1 gene is congested with heat shock elements and stress response elements, as well as with other potential transcriptional binding sites (activating protein 1, CCAAT/enhancer-binding protein element, and metal regulatory element). To determine how the expression of this bona fide AtHsp90-1 gene is regulated, a comprehensive quantitative and qualitative promoter deletion analysis was conducted under various environmental conditions and during development. The promoter induces gene expression at high levels after heat shock and arsenite treatment. However, our results show that the two stress responses may involve common but not necessarily the same regulatory elements. Whereas for heat induction, heat shock elements and stress response elements act cooperatively to promote high levels of gene expression, arsenite induction seems to require the involvement of activating protein 1 regulatory sequences. In stressed transgenic plants harboring the full-length promoter, ␤-glucuronidase activity was prominent in all tissues. Nevertheless, progressive deletion of the promoter decreases the level of expression under heat shock and restricts it predominantly in the two meristems of the plant. In contrast, under arsenite induction, proximal sequences induce AtHsp90-1 gene expression only in the shoot meristem. Distally located elements negatively regulate AtHsp90-1 gene expression under unstressed conditions, whereas flower-specific regulated expression in mature pollen grains suggests the prominent role of the AtHsp90-1 in pollen development. The results show that the regulation of developmental expression, suppression, or stress induction is mainly due to combinatorial contribution of the cis elements in the promoter region of the AtHsp90-1 gene.
During their lifetime, plant species can be subjected to various stressful environments to which they respond and adapt by means of physiological, developmental, and biochemical changes. One of the most thoroughly characterized is the induction of heat shock proteins (HSPs) when cells or organisms are exposed to supraoptimal temperatures and other types of stresses (for review, see Lindquist and Craig, 1988; Vierling, 1991; Miernyk, 1999) . The heat shock response is a universal (Schlessinger et al., 1982; Morimoto and Santoro, 1998) and evolutionarily conserved phenomenon (Schlessinger et al., 1982) . However, it is now recognized that the same or closely related proteins are frequently essential components of cells under normal physiological conditions (Boston et al., 1996) .
Accumulating evidence reveals that all of the major HSPs serve as molecular chaperones (Georgopoulos and Welch, 1993; Bukau and Horwich, 1998; Pratt et al., 2001) . Although the structure and the mechanism of some chaperones such as HSP70, HSP60, and sHSPs have been investigated extensively (Waters et al., 1996; Bukau and Horwich, 1998) , the function of HSP90s as molecular chaperones is still controversial. The HSP90s are among the most highly conserved proteins known, with approximately 40% similarity between the prokaryotic 90-kD molecular chaperone, the HtpG, and its eukaryotic counterparts (Csermely et al., 1998) . Studies on the chaperone activity of the mammalian HSP90 revealed a cast of the target substrates or client proteins, including members of signal transduction pathways, the cell cycle control machinery, the proteolytic machinery, and other kinds of proteins like nitric oxidase synthase and telomerase (Czar et al., 1997; Nathan et al., 1997; GarciaCardena et al., 1998; Holt et al., 1999; Pratt et al., 2001) . It has also been proposed that the HSP90 chaperones have other essential, unidentified functions (Nathan et al., 1997) .
During the past 10 years, several plant hsp90 genes have been identified and cloned. The proteins are localized in different cell compartments, including the cytoplasm, the endoplasmic reticulum, and chloroplasts (Koning et al., 1992; Takahashi et al., 1992; Marrs et al., 1993; Schrö der et al., 1993; Krishna et al., 1995; Schmitz et al., 1996; Milioni and Hatzopoulos, 1997) . The corresponding genes were shown to be specifically expressed during embryogenesis, pollen development (Marrs et al., 1993) , and seed germination (Reddy et al., 1998) in young and rapidly divid-ing tissues such as shoot and root apices (Koning et al., 1992) and in flowers (Takahashi et al., 1992; Krishna et al., 1995) . In oilseed rape (Brassica napus) and tomato (Lycopersicon esculentum) seedlings, HSP90 protein levels were found to increase by exogenous 24-epibrassinolide application (Dhaubhadel et al., 1999) , whereas a glucosinolate-deficient Arabidopsis mutant was shown to be thermosensitive and defective in the cytosolic HSP90 expression after heat stress (Ludwig-Muller et al., 2000) . It has also been reported that the hsp90 genes are stimulated by chemical treatments such cadmium or arsenite (Takahashi et al., 1992; Milioni and Hatzopoulos, 1997) and by exogenous treatment with indoleacetic acid or 0.1 m NaCl (Yabe et al., 1994) . Also, in rice (Oryza sativa) seedlings, a putative HSP90 protein was shown to accumulate in response to salinity, low temperature stress, and exogenous abscisic acid application (Pareek et al., 1995) . The above data suggest that plant HSP90s are encoded by a family of genes that are differentially regulated in response to specific developmental and environmental cues. The Arabidopsis sequencing project recently revealed that the hsp90 family consists of seven members. The AtHsp90-1 through AtHsp90-4 proteins comprise the cytoplasmic subfamily, whereas the AtHsp90-5, AtHsp90-6, and AtHsp90-7 proteins are predicted to be within the plastidial, mitochondrial, and endoplasmic reticulum compartments, respectively (Krishna and Gloor, 2001) .
The expression of the heat shock genes is known to be regulated mainly at the transcriptional level. The thermoinducibility of the heat shock genes is attributed to activation of heat shock factors (HSF). HSF act through a highly conserved heat shock promoter element (HSE) that has been defined as adjacent and inverse repeats of the motif 5Ј-nGAAn-3Ј (Amin et al., 1988; Xiao and Lis, 1988; Schö ffl et al., 1998) . HSEs are the binding sites for the trans-active HSF, and efficient binding requires at least three units. Promoter analyses of individual plant hsp90 genes have indicated the contribution of individual HSEs and their recognition by distinct protein factors during heat shock and development (Yabe et al., 1994; Marrs and Sinibaldi, 1997) . In addition, several wellconserved motifs have been identified to have quantitative effects on the expression of certain heat shock genes, i.e. CCAAT-box elements and scaffoldattachment regions (Rieping and Schö ffl, 1992; Chinn and Comai, 1996) . However, in the promoter region of hsp90 genes, cis-elements that may be important in regulating pathways other than the heat shock response have not been identified as of yet.
The experiments described and the data obtained in the present study explore the contribution of specific regulatory elements in the expression of the Arabidopsis AtHsp90-1 gene under normal conditions, heat stress, or arsenite treatment. We constructed chimeric genes composed of a series of deletions of the AtHsp90-1 promoter and the ␤-glucuronidase (GUS) gene to quantitatively and qualitatively analyze gene induction in Arabidopsis developing seedlings. In addition, tissue-specific expression was assessed in mature Arabidopsis transgenic plants.
RESULTS

Sequence Analysis of the AtHsp90-1 Promoter
To search the Arabidopsis AtHsp90-1 promoter region for potential binding sites of regulatory transcription factors, we used the MatInspector professional tool (Genomatix) and the transcription factor database (TRANSFAC). Approximately 1,500 bp of the AtHsp90-1 promoter (position Ϫ1,445 to ϩ91) was analyzed. This fragment, referred to as full-length promoter (Fig. 1A) , contains a sequence of 1,445 bp upstream of the predicted initiation transcription site (Takahashi et al., 1992) and the 5Ј-untranslated region up to the first codon corresponding to the AtHsp90-1 protein. A putative TATA box (TATA-AAAT) is found in an AT-rich region at position Ϫ50, upstream of the initiation transcription site. The analysis revealed the presence of several putative transcription factor-binding sites (Fig. 1A) . These include consensus sequences for HSE (Wu, 1995) , C/EBP (Akira et al., 1990) , STRE (Siderius and Mager, 1997) , MRE (Culotta and Hamer, 1989) , and the animal proto-oncogene AP-1 (Angel et al., 1987) .
Transcriptional activation of heat shock genes depends on the interaction of HSFs with highly conserved cis-acting DNA sequences, HSEs, whereas CCAAT-box sequences have been shown to act cooperatively with HSEs to increase promoter activity (Williams and Morimoto, 1990; Rieping and Schö ffl, 1992) . The upstream region of the AtHsp90-1 gene contains three HSEs conforming to the canonical heat shock consensus of at least three core units of the repeating pentanucleotite sequence 5Ј-nGAAn-3Ј arranged in alternate orientation (Amin et al., 1988; Xiao and Lis, 1988) . The most proximal, HSE3, is located 52 nucleotides upstream of the putative TATA box, whereas the most distal HSE1 has been found at position Ϫ1,144. HSE1 (tGAAgcTTCtgGAAt) consists of three perfect core units, whereas HSE3 (gGAAgaaTCcaGAAt) consists of two perfect and one imperfect units. HSE2 (agTCtcGAAacGAAaaGAActTTCtgGAAt) is located at position Ϫ187 and consists of five perfect and one imperfect core unit of the pentanucleotite consensus. Although the first three core units of this HSE do not follow the general rule of being in alternate orientation, the last three compose a perfect consensus HSF-binding site. It is interesting that the promoter region from point Ϫ1,137 to Ϫ203 does not contain any sequences matching a consensus HSE. However, two STREs (consensus sequence AGGGG) were identified in this region at position Ϫ731 and Ϫ612. In contrast to HSEs, STREs are activated not just by heat shock but also by a diverse range of other stress conditions, especially osmotic stress, low pH, and nutrient starvation (Siderius and Mager, 1997) . Two perfect CCAAT-boxes, which represent the binding sites for the C/EBP transcription factors, are also present in this region at position Ϫ316 and Ϫ798 (Fig. 1A) .
In animals, AP-1-binding elements have been shown to mediate the induction of the HO-1 gene by CdCl 2 (Alam, 1994) and sodium arsenite (Lu et al., 1998) , respectively, whereas MREs have been identified in a number of heavy metal-induced promoters including the human and mouse metallothionein genes Culotta and Hamer, 1989) and the tomato type II metallothionein-like gene (Whitelaw et al., 1997) . Because the heat shock response is known to be mediated by various stress conditions including heavy metals, the 5Ј-upstream region of AtHsp90-1 was examined to identify possible MREs and AP-1-binding sites, which would suggest the involvement of metals in the regulation of AtHsp90-1 transcription. One MRE-like sequence (TGCGCAAC) matching six of the seven nucleotides of the consensus sequence TGCPuCNC (Culotta and Hamer, 1989 ) was identified immediately upstream of HSE1 at position Ϫ1,192. It is interesting that the AtHsp90-1 promoter contain also two identical octanucleotide sequences (TGAGTTAG), which are highly similar to the animal AP-1 consensus-binding site TGA(G/C) TCAG. The first AP-1 like element is located upstream of HSE1 at position Ϫ1,371 and the second is located at position Ϫ618. Both putative elements deviate from the animal AP-1 consensus sequence only at position 6 (T instead of C).
AtHsp90-1 Promoter Deletion Constructs and Determination of Transgene Copy Number
To define the position and function of cissequences that regulate the AtHsp90-1 expression, we constructed a series of 5Ј and internal deletions of the upstream promoter region and transcriptionally fused them to the GUS reporter gene. Thus, nine constructs (pK1445, pK1137, pK846, pK653, pK473, pK173, pK⌬190, pK⌬481, and pK⌬671) were generated and introduced into Arabidopsis plants via Agrobacterium tumefaciens-mediated transformation (Fig. 1B) . In addition, plasmids pBI121 and pBI101.1 were also used to transform Arabidopsis as positive and negative control, respectively. The number of transgene loci was estimated by Southern-blot analysis of HindIII-digested genomic DNA. Five independent T2 transgenic lines from each construct were analyzed and hybridized to a gusA-specific probe. Because HindIII cuts only once into the T-DNA region (except in construct pK1445), each band on the Southern blot most likely represents a single integration event. Figure 2 shows a DNA blot of two independently transformed lines harboring constructs pK173, pK473, pK653, pK846, and pK1137. Three plants (Fig. 2 , lane 4, pK473-2; lane 5, pK653-1; and lane 10, pK1137-2) contain one copy of the chimeric construct, four plants (Fig. 2 , lane 2, pK173-2; lane 3, pK473-1; lane 6, pK653-2; and most likely lane 7, pK846-1) contain two copies, and two plants (Fig. 2 , lane 1, pK173-1; and lane 8, pK846-2) contain three copies of the T-DNA region. A maximum of four copies of the chimeric construct were found in plant pK1137-1 (Fig. 2 , lane 9) and in the plant transformed with the pBI121 vector (Fig. 2, lane 11) . Similar analysis performed on five independent transgenic plants harboring constructs pK1445, pK⌬190, pK⌬481, and pK⌬671 also revealed a maximum of three to four copies inserted into the plant genome (data not shown).
Transcriptional Regulation of the AtHsp90-1 Promoter in Response to Heat Shock
To show that GUS activity is regulated at the transcriptional level and is directly dependent on the length of the AtHsp90-1 promoter or the number of the cis-stress elements within, transgenic plants were monitored for their ability to express the Genomic DNA (3 g per lane) from two independently transformed Arabidopsis plants with pK173 (lanes 1 and 2), pK473 (lanes 3 and 4), pK653 (lanes 5 and 6), pK846 (lanes 7 and 8), pK1137 (lanes 9 and 10), pB121 (lane 11), and from untransformed plants (lane C) was digested with HindIII. DNA restriction fragments were separated on a 0.8% (w/v) agarose gel, transferred to nylon membranes, and hybridized with the 32 P-labeled GUS probe. The analysis demonstrated that each of the lines was the result of one to four integration events. Numbers to the left are molecular mass standards in kilobases.
AtHsp90-1::GUS mRNA under normal and heat shock conditions. Ten independent transgenic lines harboring constructs pK1445, pK653, and pK173 were heat shocked, pooled, and total RNA was isolated. As a control, total RNA from pooled, nonheatshocked pK1445 plants was used. RNA blots were hybridized to gusA-or AtHsp90-1 gene-specific probe. Under normal environmental conditions, the endogenous AtHsp90-1 and pK1445-mRNAs (GUS mRNA) could not be detected. However, a dramatic difference in gene expression was observed when transgenic plants were heat shocked (Fig. 3) . The transcript levels of the endogenous AtHsp90-1 gene were strongly increased and were shown to be similar in all three constructs. Nevertheless, AtHsp90-1::GUS transcripts showed a construct-dependent expression pattern in transgenes. GUS mRNA levels decrease 3-or 10-fold in pK653 or pK173 transgenic lines, respectively, when compared with the full-length promoter. Taken together, the above results demonstrate that the expression levels of the transgenes vary between the constructs, showing a promoter-length and therefore a cis-stress element number-dependent (Fig. 1A ) pattern, whereas endogenous AtHsp90-1 gene inducibility remains unaffected.
Promoter Activity in Control and Heat Shock-Treated Plants
To investigate the contribution of specific regulatory sequences in gene expression under normal and stress conditions, the series of 5Ј and internal deletions of the AtHsp90-1 promoter was used (Fig. 1B) . The temporal and spatial distribution of AtHsp90-1 promoter-driven gene expression was investigated in in vitro and greenhouse-grown Arabidopsis T2 transformants.
The levels of GUS activity were assayed quantitatively in eight to 12 independently transformed young seedlings. The results showed that plants harboring constructs pK1445 and pK1137 displayed very low GUS activity under normal environmental conditions. However, deletion of the promoter to point Ϫ846 resulted in a 5-fold increase in GUS activity (Fig. 4A) . Furthermore, under the same conditions, constructs pK653 and pK⌬190 showed a 3-fold increase in expression when compared with the fulllength promoter. Further deletion of the promoter to point Ϫ473 results in similar expression levels found with the full-length promoter. Arabidopsis plants transformed with the promoterless plasmid pBI101 and untransformed control plants showed negligible activity (Fig. 4A) .
We have previously shown substantial elevated transcript levels of the AtHsp90-1 gene from Arabidopsis under heat shock, whereas no signal was detectable in northern blots containing RNA from plants growing at normal conditions (Milioni and Hatzopoulos, 1997) . Figure 4B summarizes the fluorometric GUS activity assayed in young heat shocktreated seedlings. Plants carrying the full-length promoter, construct pK1445, showed that expression levels increase 300-fold (101,018 units) after 1 h at 37°C. Deletion of the promoter to point Ϫ1137 (pK1137) results in almost 24% reduction of gene expression (from 101,018 to 76,864 units). The deleted region contains one HSE (HSE1), one AP-1-like, and one MRE-like-binding element. As anticipated, deletion of the promoter to point Ϫ846 (pK846) had only a minor effect in gene expression (6% reduction) when compared with construct pK1137 because the deleted region does not contain any sequences resembling a consensus HSE or other potential transcription factor-binding sites. Further deletion of the promoter to point Ϫ653 (pK653) abolishes one STRE and one CAATT box-binding site, resulting in a decrease in gene expression of about 38% (from 71,852 to 44,676 units) compared with pK846 or by 56% relative to the full-length promoter.
Consistent with the above observation, transgenic plants harboring the internal deletion construct pK⌬190, which also lacks these STRE and CAATT box-binding sites, showed similar expression levels (Fig. 4B) . Deletion of the promoter to point Ϫ473 (pK473) results in a further reduction in gene expression by 36% (from 44,676 to 28,549 units) relative to pK653 or by 76% relative to the full-length promoter. The deleted region contains one AP-1 like-binding site and one STRE element positioned next to each other. Further reduction of the promoter size to 173 bp (construct pK173) results in abolishing HSE2 and the upstreamlocated CAATT box element at position Ϫ316, resulting in a dramatic decrease in gene ex- pression by 84% (from 28,549 to 4,481 units). Transgenic plants harboring only 173 bp of the AtHsp90-1 promoter show relatively low expression levels (about 4%) of the reporter gene when compared with the full-length promoter. Even so, this is a 37-fold increase in GUS activity compared with the nontreated control plants. As anticipated, seedlings transformed with construct pK⌬671 showed similar expression levels to those transformed with construct pK173. However, the presence of the STRE and the CCAAT-box element (at position Ϫ731 and Ϫ798, respectively) in construct pK⌬481 results in at least 3-fold increase in GUS activity compared with construct pK⌬671 (Fig. 4B) . , and after treatment with arsenite (C). Tissues were harvested from eight to 12 independent transgenic lines grown in vitro. Fluorometric GUS assays were performed in triplicate and the mean value was calculated for each construct. As a negative control, extracts from nontransgenic seedlings and from seedlings transformed with the promoterless pBI101 vector were assayed. As a positive control, pBI121 transgenic plants were assayed. Error bars represent the SE. White bars, Unstressed conditions; black bars, heat shock conditions; gray bars, arsenite treatment. One unit ϭ 1 pM 4-methylumbelliferone (4-MU) produced min Ϫ1 mg
Ϫ1
protein.
Histochemical analysis of seedlings and mature plants harboring construct pK1445, cultivated under control conditions, revealed no detectable GUS activity, with the exception of mature pollen grains (Fig. 5,  N and O) . In contrast, high levels of AtHsp90-1 promoter activity were detected in all tissues of heat shock-treated seedlings mature plants, as evidenced by strong blue GUS staining (Fig. 5, C , P, S, and T). Reporter gene activity was prominent in the root meristematic region of germinated seeds (Fig. 5B) . In 5-d-old seedlings, preferential high levels of GUS activity were observed in the vascular system of the root and in the emerging secondary root primordia 15 min after staining (Fig. 5E ). Progressive staining of the cortex and the epidermis of the root was obvious after 1 to 2 h (Fig. 5C ). Plants carrying progressive deletions of the promoter showed in general a reduction in GUS staining pattern in most tissues (data not shown). However, construct pK173 (containing only HSE3) showed significant levels of GUS activity localized predominantly in the shoot and root meristematic zones (Fig. 5, G-J) . In mature stressed plants, high levels of expression were seen in almost all parts of the developing flower, including the stigma, the anther, and the filaments (Fig. 5P) . Nevertheless, the analysis revealed an unexpected differential expression pattern in the stamen of the developing flower. Progressive deletion of the promoter results in a respective decrease in GUS expression in the pistil (stigma, style, and ovary) and in the pollen grains of the anther (Fig. 5 , U-X). Hence, plants harboring constructs pK173 show very low GUS activity in the style of the pistil and almost no activity in the stigma, the ovary, and the pollen grains of the anther (Fig. 5 , W-X). However, it is interesting that GUS activity remains the same in the filament of the anther in all constructs (Fig. 5 , P and U-W).
Promoter Activity in Arsenite-Treated Plants
Heavy metal toxicity is well known to trigger HSP induction. In several species, for example, cadmium induces the synthesis of a considerable number of stress proteins with a molecular mass ranging from 10 to 70 kD. However, little is known about the induction of AtHsp90 genes by arsenite in plants. To carry out a comparative analysis of the AtHsp90-1 promoter to the heat shock response, we investigated the expression of the GUS reporter gene after exposing the plants to 10 mm arsenite for 6 h. Depending on the construct, eight to 12 independent transformants were obtained and examined for GUS activity by quantitative assays and histochemical staining. Figure 4C summarizes the expression levels measured in all deletion constructs, showing that the AtHsp90-1 promoter responds tremendously to arsenite. Transgenic plants harboring the full-length promoter construct (pK1445) showed a 245-fold (83,500 units) increase in gene expression when compared with the untreated control plants. Deleting the promoter region Ϫ1,445 to Ϫ1,137 (construct pK1137) significantly affects gene expression because GUS activity drops by 45% (from 83,500 to 45,707 units). The deleted region contains, apart from HSE1, one putative AP-1-like and one MRE-like-binding site. This decline in gene expression is considerably higher than the one observed with heat shock (21%). Deletion of the promoter to point Ϫ846 does not affect gene expression, similar to the heat shock treatment. However, it is surprising that GUS activity does not decrease even after deleting the promoter to point Ϫ653, which abolishes the CCAAT-box and STRE-binding sites located at position Ϫ798 and Ϫ731, respectively. In agreement with the above observation, transgenic plants harboring construct pK⌬190 (lacking also the above CCAAT-box and STRE) showed comparable expression levels. By deleting the promoter up to Ϫ473, gene expression declines further by 44% (from 46,160 to 25,742 units). It is interesting that this significant reduction in gene expression is due to the deletion of the 180-bp AatII/ PvuII fragment, which contains the STRE and AP-1-like-binding sites at position Ϫ612 and Ϫ618, respectively. Gene expression levels decrease further by 28% (from 25,742 to 7,306 units) when the promoter is deleted up to point Ϫ173. This decline in gene expression is due to the deletion of the 300-bp PvuII/EcoRI fragment containing the CCAAT-box and HSE2-binding sites at position Ϫ316 and Ϫ183, respectively. However, arsenite-treated plants harboring construct pK173 demonstrate a 60-fold induction in gene expression when compared with the untreated control plants. Construct pK⌬481 and pK⌬671 showed similar GUS expression levels, which are comparable with the levels of construct pK173. pK⌬481 and pK⌬671 lack the region containing the HSE2, the STRE, and the AP-1-like-binding site at position Ϫ187, Ϫ612, and Ϫ618, respectively. It is interesting that the presence of CCAAT-box and STRE elements (at position Ϫ798 and Ϫ731, respectively) in construct pK⌬481 does not affect the level of induction (Figs. 1B and 3B) .
In all constructs (except pK173 and pK⌬671), histochemical staining of germinating and young seedlings treated with arsenite revealed a similar pattern to that seen with the heat shock-treated plants (data not shown). However, construct pK173 and pK⌬671 showed an "arsenite-specific" differential expression pattern in the two meristems of the plants. Whereas in these constructs heat shock induces GUS expression in both meristems (Fig. 5, G-J) , arsenite remarkably triggers expression only in the shoot and not in the root meristem (Fig. 5, K 
-M).
DISCUSSION
We have previously shown (Milioni and Hatzopoulos, 1997 ) that the AtHsp90-1 gene was highly heat-inducible in Arabidopsis plants, whereas the transcripts were undetectable in the absence of any stress condition. As a step forward in understanding regulatory mechanisms controlling AtHsp90-1 gene expression, we have examined the temporal and spatial expression of the AtHsp90-1 during development and following heat or arsenite stress. A series of promoter deletion constructs were generated and transcriptionally fused to the GUS reporter gene to quantitatively and qualitatively monitor gene expression. Our results demonstrate that the AtHsp90-1 promoter from Arabidopsis is highly induced by heat and arsenite treatment, involving presumably a number of regulatory sequences such as HSEs, STREs, AP-1, or MRE-binding sites. However, analysis of the deletion constructs indicates that the two pathways may involve common but not necessarily the same regulatory sequences. Furthermore, the two responses (heat shock and arsenite) most likely implicate additional regulatory elements (MRE and CCAAT-box) and/or tissue-specific components.
Computational analysis of the AtHsp90-1 promoter revealed several cis-regulatory elements known to be involved in a number of stress responses in different organisms. These include consensus sequences for HSE, STRE, and MRE, as well as CCAAT-box and AP-1-binding elements (Fig. 1) . This is the first report, to our knowledge, of an AtHsp90 promoter presumably involving a number of different stress regulatory sequences for gene induction under different environmental conditions. It is worth mentioning that G-boxlike motifs (CACGTG) and scaffold-attachment regions, which are required for expression of genes induced by stress, were not identified in the promoter of the AtHsp90-1 gene.
In the absence of any stress condition, the AtHsp90-1 gene is barely expressed (Yabe et al., 1994; Milioni and Hatzopoulos, 1997) . Consistent with these reports, the full-length AtHsp90-1 promoter displays relatively low GUS activity levels (Fig. 4A) . However, the 5-fold increase in GUS activity of construct pK846 indicates the existence of upstream regulatory elements that suppress gene expression in vivo. Although the 846 bp of the promoter region could interact with regulatory proteins to form appropriate complexes for the induction of the AtHsp90-1 gene, the existence of further upstream sequences (Ϫ1,445 to Ϫ846) seems to mask this induction under normal environmental conditions. To envisage such a phenomenon in vivo, one possibility could be the folding of the DNA in chromatin in such a way that brings upstream sequences (Ϫ1,445 to Ϫ846) close to the basal transcriptional apparatus.
Heat shock results in a tremendous 300-fold increase in the reporter gene expression. It is known that transcriptional activation of heat shock genes depends on the interaction of HSFs with highly conserved cis-acting DNA sequences, the HSEs. All HSEs contain multiple units of the repeating 5-bp consensus sequence 5Ј-nGAAn-3Ј arranged in headto-head or head-to-tail orientation (Amin et al., 1988; Xiao and Lis, 1988) . Although at least three units are thought to be required for heat inducible expression, the degree of homology of each pentameric unit to the consensus motif can vary. Mutational analysis of plant heat shock elements revealed that the G/C bp (G and complementary C) at position one of the unit is more important than the A/T base in the third position (Barros et al., 1992) . In addition to HSEs, a number of sequence motifs were found to have quantitative effects on the expression of certain heat shock genes. An interaction of C/EBP and HSF, bound to their respective cis elements, has been postulated to be required for maximum stress-induced transcription from human hsp70 promoters (Williams and Morimoto, 1990 ). In plants, there is evidence for the involvement of CCAAT-box elements, HSEs, and scaffold-attachment regions in stress-induced transcription (Rieping and Schö ffl, 1992; Schö ffl et al., 1993) . Furthermore, STREs are known to activate transcription in response to a variety of stress conditions, especially heat (Siderius and Mager, 1997) . In the AtHsp90 -1 promoter, HSE1 and HSE2 represent a perfect HSF-binding site, whereas HSE3 deviates from the consensus sequence only at the second core unit (nATCn instead of nTTCn) (Fig. 1) . However, in the absence of any other putative transcription factor-binding site, HSE3 (construct pK173) is able to drive a 37-fold increase in gene expression under heat stress. The presence of HSE2, HSE3, and the upstream located CCAAT-box at position Ϫ316 (construct pK473) results in a 69-fold increase of GUS activity, indicating an additive effect of the two HSEs and/or the CCAAT-box element in gene expression.
Despite its very distal position (Ϫ1,144), HSE1 represents a perfect consensus HSF-binding site and seems to be required for full promoter activity. However, the involvement of other sequences (MREand/or AP-1-like elements), located upstream of HSE1, to assist the enhancement of gene expression cannot be excluded and remains to be tested. It is interesting that a promoter region from Ϫ1,137 to Ϫ203 does not contain any sequences resembling an HSF-binding consensus sequence. Nevertheless, region Ϫ846 to Ϫ653 and region Ϫ653 to Ϫ473 contain one STRE-binding site (Fig. 1) . Taking in account that the CCAAT-box element itself does not respond to heat, the significant decline in gene expression in construct pK653 and pK473 could be due to the deletion of these STREs. The AP-1 element, located at position Ϫ612 (pK653), may also be involved in enhancing gene expression. Consistent with the above results, construct pK⌬190 showed similar expression levels to construct pK653, indicating that sequences within the Tth111I/AatII fragment (presumably the STRE) are positive determinants of gene expression following heat stress. Hence, full-length AtHsp90-1 promoter activity requires the presence of all cis elements, HSEs, STREs, AP-1-like, and CCAAT-boxes, indicating a synergistically mode of action in promoting high levels of gene expression.
The heat shock response and the arsenite-induced stress share many features at the molecular level. Both phenomena induce HSPs ranging from the very small ␣B-crystallin to the larger HSPs, such as HSP105. The central component of the heat shock response is oxidative stress, which in fact is also a typical arsenite-related effect (Bernstam and Nriagu, 2000) . These stimuli lead to up-regulation of HSF phosphorylation and hence HSP induction. How-ever, it is suggested that the pathways of HSF phosphorylation induced by heat or arsenite are different, implying distinct mechanisms of transcriptional control (Elia et al., 1996) . AP-1-binding elements have been implicated in CdCl 2 and arsenite induction (Alam, 1994; Lu et al., 1998) , whereas STREs and AP-1 elements are involved in responses to a range of stresses in yeast (Saccharomyces cerevisiae; Ruis and Schuller, 1995) . Furthermore, MREs have been identified in a number of heavy metal-induced promoters such as the human and mouse metallothionein genes Culotta and Hamer, 1989) , the tomato type II metallothionein-like gene (Whitelaw et al., 1997) , and the mouse and chicken heme oxygenase genes (Alam, 1994; Lu et al., 1998) . However, the involvement of AP-1-and/or MRE-binding sites in the expression of an hsp90 gene has not yet been shown in plants.
Our results indicate the involvement of additional distinct regulatory elements, apart from the HSEs, in mediating the arsenite-related response. The fulllength promoter of the AtHsp90-1 gene is highly respondent to arsenite (Fig. 4C) . GUS activity decreases by 45% when the region Ϫ1,445 to Ϫ1,137 (containing, apart from HSE1, one AP-1-like and one MRElike-binding element) is deleted (Fig. 4) . It is interesting that this decline in gene expression is about 21% higher than the one observed with heat shock. In animal systems, Lu et al. (1998) have shown that sodium arsenite treatment increases nuclear protein binding to an AP-1 element. Therefore, it is possible that the considerable decline of gene expression in construct pK1137 is due to the combined deletion of HSE1 and the AP-1 like sequence. Furthermore, the upstream located MRE-like-binding site, in complex with its corresponding factor, may also be involved in a "crosstalk" interaction with HSF-and/or AP-1 like-binding factor. Because the imperfect heat shock element HSE3 by itself or HSE3 and HSE2 contribute to arsenite induction, it is expected that the canonical HSE1 should also contribute. In a similar manner, because the AP-1 element at position Ϫ612 contributes to arsenite induction (see later), it is highly plausible that the other AP-1 elements present in the promoter region Ϫ1,445 to Ϫ1,137 should also contribute. Whether the AP-1 or the MRE-like element or both contribute more to arsenite treatment than that of the HSE1 (all present in Ϫ1,445 to Ϫ1,137 promoter region) is unknown. However, the functionality of these sequences enhancing or regulating differential gene expression under arsenite treatment remains to be tested. Because deletion of the STRE and CCAATbox-binding site at position Ϫ731 and/or Ϫ793, respectively, in two independent constructs (pK653 and pK⌬190) does not affect gene expression in arsenite-treated plants, we therefore assume that the STRE and C/EBP elements present in the promoter region Ϫ653 to Ϫ473 and Ϫ473 to Ϫ173, respectively, do not contribute to arsenite induction. Deletion of the AP-1-like-binding site at position Ϫ612 (construct pK473) strongly reduces expression by 44% (Fig. 4C) . Taken together, these results indicate that the HSEs, the AP-1 elements, and probably the MRE in the AtHsp90-1 promoter are presumably positive determinants of gene expression under arsenite treatment.
GUS staining of unstressed mature plants transformed with the full-length promoter revealed detectable levels of expression only in pollen grains of the anthers (Fig. 5, N and O) . This observation is consistent with previous findings in maize (Zea mays; Marrs et al., 1993; Magnard et al., 1996) , indicating the significance of chaperones and in particular a prominent role of the AtHsp90-1 in Arabidopsis pollen development. After heat shock, GUS staining was prominent in all parts of the developing flower (Fig.  5P) . However, the deletion of the promoter toward 3Ј showed an interesting tissue-specific expression pattern. Although progressive deletion results in a respective decline in GUS expression in the pistil and the pollen grains of the anther, the expression in the filaments of the stamen remains unaffected. This observation is more profound in transformed plants carrying 473-and 173-bp upstream promoter sequences (Fig. 5, V and W) . Taken together, the above results indicate that "filament-specific" sequences are most likely located proximally within the 173 bp of the promoter and that distal pollen-specific sequences are necessary for the expression of the AtHsp90-1 gene in pollen grains irrespective of the heat shock. On the other hand, GUS staining was prominent in all tissues in heat-shocked transgenic seedlings carrying the pK1445 construct (Fig. 5, C and P). Progressive deletions from the 5Ј end of the promoter resulted in respectively lower expression levels (data not shown). Although GUS activity dropped to undetectable levels in most tissues, pK173 transgenic seedlings (containing only HSE1) showed relatively high levels of GUS activity in the shoot and the root apical meristems. Because meristematic cells are known to have the highest rate of cell divisions, it is reasonable to assume that heat stress may be most detrimental to rapidly dividing cells. Thus, the accumulation of GUS protein in these most vital parts of the seedling may reflect the significant role of AtHsp90-1 as a chaperone.
GUS staining of young seedlings and mature plants treated with arsenite revealed a similar pattern to that seen with the heat shock-treated plants (data not shown). Nevertheless, sequences within the 173-bp promoter region, bearing HSE3, direct differential gene expression under arsenite treatment. As mentioned above, heat shock treatment results in high GUS expression in both meristems of the plant. However, arsenite directs gene expression specifically in the shoot and not in the root meristem (Fig. 5, K-M) . This result indicates that additional unidentified regulatory elements located within the 300-bp PvuII/ EcoRI region are necessary in driving "root-specific" gene expression under arsenite treatment.
Therefore, our results indicate that the combinatorial contribution of a number of different cis elements in the promoter region of the AtHsp90-1 gene is important in specifying suppression, developmental, or tissue-specific expression and stress induction. In this context, knowledge of the AtHsp90-1 promoter elements and their associated regulatory proteins may eventually lead to a better understanding of the regulatory mechanisms controlling AtHsp90 gene expression under various environmental conditions.
MATERIALS AND METHODS Plant Material and Growth Conditions
Arabidopsis (Landsberg erecta) plants were used in all transformation experiments. Wild-type and transgenic plants were grown under standard conditions at 22°C in 70% humidity with a light/dark cycle of 16 h/8 h. Seeds from individual transgenic plants were imbibed at 4°C overnight, and were surface sterilized for 2 min with 70% (v/v) ethanol and for 5 min with 15% (v/v) sodium hypochlorite containing 0.1% (v/v) Tween 20. After several washing steps with sterile deionized water, seeds were germinated on Murashige and Skoog medium containing 50 mg L Ϫ1 kanamycin and 200 mg L Ϫ1 cefotaxime under the same growth conditions. Transgenic plants were transferred to soil for further development.
Plasmid Construction and Plant Transformation
A 1.9-kb SacI genomic fragment containing approximately 1,800 bp of the regulatory sequence (AJ010947) and 100 bp of the 5Ј coding region of the Arabidopsis AtHsp90-1 gene (Milioni and Hatzopoulos, 1997) was cloned into the SacI site of the pUC19 vector. This plasmid was used to remove the initiation of translation start codon (ATG) from the native AtHsp90-1 gene by exonuclease III digest using the SalI/SphI restriction sites. After SI nuclease treatment and recircularization of the plasmids, the starting point of the deletions was determined by dideoxy-nucleotide sequencing using the Sequenase 2.0 sequencing kit. Furthermore, approximately 1,500 bp of the promoter region of the AtHsp90-1 gene was sequenced. Routine DNA manipulations were carried out (Sambrook et al., 1989 ) using pUC19 (New England Biolabs, Beverly, MA) and pBluescript SK (Stratagene, La Jolla, CA) as intermediate vectors to obtain appropriate fragment lengths of the promoter and convenient restriction sites for directional cloning into the pBI121 (CLONTECH, Palo Alto, CA) binary vector (details available upon request). 5Ј end deletions were made by digesting the promoter with different restriction enzymes (partial HindIII digest for deletion to point Ϫ1,445, HindIII digest for deletion to point Ϫ1,137, Tth111I/PstI digest for deletion to point Ϫ846, AatII/PstI digest for deletion to point Ϫ653, PvuI/BamHI digest for deletion to point Ϫ473, and EcoRI digest for deletion to point Ϫ173). Furthermore, three internal deletions of 190, 481, and 671 bp were obtained by using appropriate restriction enzyme combinations. Constructs generated in the pUC19 or pBluescript SK background were cloned upstream of the GUS reporter gene of the pBI121 binary vector by replacing the 35S-cauliflower mosaic virus promoter. In this way, the constructs pK1445, pK1137, pK846, pK653, pK473, pK173, pK⌬190, pK⌬481, and pK⌬671 were generated (Fig. 1B) . Plasmids pBI121 and pBI101.1 (CLONTECH) were used as positive and negative controls, respectively. The binary vector constructs were introduced into the Agrobacterium tumefaciens strain C58C1::pGV2260 by the direct transfer method . Arabidopsis (Landsberg erecta) plants were transformed by using the in planta A. tumefaciens infiltration method as described (Bechtold et al., 1993) .
Heat Stress and Arsenite Treatment
Transgenic T2 plants were germinated on Murashige and Skoog medium plates containing 50 mg L Ϫ1 kanamycin. Five-day-old seedlings and flowering plants were heat shocked for 1 h at 37°C. Five-day-old seedlings were incubated at 22°C for 6 h in liquid Murashige and Skoog medium containing 10 mm Na 2 HAsO 4 .7H 2 O. After each treatment, the material was frozen in liquid nitrogen and kept at Ϫ80°C until further use or was treated to histochemical GUS staining.
